• Energy drink potentiates the behavioral effects of alcohol in adolescent mice.
Introduction
Adolescence has been characterized as a critical period of vulnerability for the onset of substance abuse, particularly alcohol [1] . Early alcohol initiation leads to potential deleterious effects on adolescent brain development [2] [3] [4] as well as to later adult that even the consumption of energy drinks alone can result in cognitive and behavioral alterations among adolescents [12] . Thus, the co-consumption of energy drinks and alcohol has become a topic of concern and an increasingly important public health problem [13, 14] .
Energy drinks are carbonated beverages advertised to boost energy, endurance and alertness due to their high concentrations of caffeine and other legal stimulants such as taurine, carbohydrates, glucuronolactone, and B-complex vitamins [15] . Adolescents are the primary consumer target of energy drinks, being heavily popular and consumed by this demographic group [16] [17] [18] . Yet, there is little information from animal studies on the neurobehavioral effects of energy drinks mixed with alcohol during adolescence. Findings from our group and others point to the importance of studying the neurodevelopmental consequences of alcohol administration combined with other drugs at younger ages. For instance, adolescent mice that are exposed to alcohol and nicotine display acute and long lasting behavioral and neurochemical changes, such as increased novelty-seeking, anxiety-and depressive-like behaviors, deficits in learning and memory as well as nicotinic receptors upregulation [19] [20] [21] [22] [23] [24] [25] . With that in mind, the goal of the present study was to test the effects of energy drink on behaviors that are well-known to be affected by alcohol during adolescence [21, 22, 26] . Specifically, we studied the effects of alcohol alone or mixed with an energy drink on the spontaneous locomotor activity, loss of righting reflex and motor coordination of male and female adolescent mice.
Material and methods

Drugs
We used Red Bull, a widely consumed and advertised energy drink, which composition, according to the manufacturer, is as follows: 100 ml of Red Bull has 11.3 g of sucrose and glucose, 400 mg of taurine, 32 mg of caffeine, 240 mg of gluconolactone, 20 mg inositol, 7.2 mg of niacin, 2.4 mg of pantenol, 0.4-0.8 mg of vitamins B2/B6/B12, citric acid, caramel coloring, artificial flavoring and sparkling water. Alcohol was used at a concentration of 40% (4 g/kg) based on a dose-response analysis of the effects of alcohol on the spontaneous activity of mice in the open-field (Fig. 1) . Energy drink (8 ml/kg) and water served as vehicles. Energy drink volume was chosen based on data showing that most adolescents consume on average 2 cans of energy drink daily [27] [28] [29] . According to Ferreira et al. [7] , the ingestion of 2 cans of energy drink corresponds approximately to 8 ml/kg.
Animals
All experiments were carried out in compliance with the Animal Care and Use Committee of the State University of Rio de Janeiro (CEUA 007/2015), in accordance with the declaration of Helsinki and with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health. Swiss mice were bred and maintained on a 12:12 h light/dark cycle (lights on: 1:00 h, lights off: 13:00 h) at controlled temperatures (∼21 • C). Access to food and water was unrestricted. Only litters of 8-12 pups were used. At weaning (postnatal day 21 = PN21), animals were separated by sex and grouped 2-4 per cage. At PN40, mid-adolescence in mice [1] , littermate animals were randomly assigned to the following experimental groups: ethanol diluted in energy drink (Ed + Etoh), ethanol diluted in water (Etoh), energy drink alone and water alone. All drugs were administered orally by gavage. Behavioral tests were performed between PN40 and PN41 during the lights-on period (8:00-12:00 h) in a temperature- controlled room with little acoustic or visual disturbance. Each behavior was assessed in a separate group of animals.
Blood ethanol concentration (BEC)
BECs were evaluated in a separate group of animals. Briefly, one hour after a single oral gavage of alcohol (n = 5 males and 5 females from 5 litters) or alcohol mixed with energy drink (n = 5 males and 5 females from 8 litters), approximately 0.5 ml of trunk blood was collected from each animal. Samples were centrifuged at 2000g for 20 min and supernatant stored at 4 • C until assayed. Plasma from each animal was analyzed for BEC using an enzymatic kit (Alcohol Reagent Set, Pointe Scientific Inc., Canton, MI, USA) in accordance with the manufacturer's recommendations.
Open-field
Spontaneous locomotor activity was measured in an openfield arena as previously reported [21, 30] . The setup consisted of a plastic container (37.6 × 30.4 cm) surrounded by 17 cm high walls. The floor was divided in 16 rectangles of equal area (inner area = 7.6 × 9.4 cm). One hour after a single oral gavage of alcohol (n = 15 males and 15 females from 14 litters), alcohol mixed with energy drink (n = 10 males and 8 females from 11 litters), or vehicle solutions (water, n = 10 males and 11 females from 12 litters; energy drink, n = 10 males and 9 females from 13 litters), the animal was placed in the center of the arena and its spontaneous locomotor activity was continuously recorded for five minutes by an overhead video camera. At the end of the testing session, the mouse was returned to its home cage, and the open-field arena was thoroughly cleaned before testing another animal. Later, the locomotor activity was quantified based on the number of rectangles crossed (i.e. all four legs entering on a given square counted as a crossing) by an observer blind to the animal's experimental group. The total distance traveled (i.e. number of squares crossed) was used to quantify the spontaneous locomotor activity in the periphery (corresponding to the 12 squares adjacent to the walls) and in the central portion (corresponding to the 4 squares in the center of the arena) of the open-field. , for the total locomotor activity (A) and across the testing session (B). Note that locomotor activity of the Ed + Etoh group was higher and remained higher for longer when compared to the other experimental groups. C, mean percent activity in the central area of the open-field for Etoh, Ed + Etoh, and Ctrl groups. Note that, again, mixing an energy drink to alcohol seems to exacerbate the behavioral outcome in adolescent mice. Ed + Etoh, n = 18 animals; Etoh, n = 22 animals; Ctrl, n = 40 animals. Symbols and Bars are means ± SEM. Ed + Etoh vs. Ctrl, FPLSD, *P < 0.05, ***P < 0.001; Etoh vs. Ctrl, FPLSD, +P < 0.05, ++P < 0.01; Ed + Etoh vs. Etoh, FPLSD, #P < 0.05.
Loss of righting reflex
To assess the sedative effects of alcohol mixed with energy drink, at PN40, mice received single oral gavages of alcohol (n = 6 males and 6 females from 6 litters), and alcohol mixed with energy drink (n = 6 males and 5 females from 6 litters). Next, when mice became ataxic, they were placed in the supine position in a V-shaped plastic trough and their ability to right themselves 3 times within 30 s was observed. Thirty minutes after the first gavage, animals that were still able to right themselves received a second oral gavage, but this time Etoh and Ed + Etoh groups received half of the initial dose of alcohol and/or energy drink. This procedure was repeated until all animals lost their righting reflex. Rectal temperatures were monitored using a digital thermometer (Geratherm Medical AG, Geschwenda, Germany).
Rotarod
We investigated the effects of alcohol and alcohol mixed with energy drink on the motor coordination of animals by using a rotarod [31] . At PN40, animals were placed on a LE8500 rotarod for mice (cylinder diameter = 3.2 cm; Letica Scientific Instruments, Barcelona, Spain) idling at 4 rpm. Rotarod speed was set to increase gradually from 4 to 40 rpm over the course of five min. Retention time on the rod was recorded for five trials per mouse per testing session (one minute time interval between trials). Animals were submitted to a training session and, twenty-four hours later, to two more rotarod sessions: one and three hours after a single oral gavage of alcohol (n = 12 males and 11 females from 15 litters), alcohol mixed with energy drink (n = 15 males and 11 females from 17 litters), or vehicle solutions (water, n = 10 males and 13 females from 15 litters; energy drink, n = 11 males and 14 females from 15 litters). Additionally, for each animal, improvement in overall motor performance was evaluated by subtracting the averaged retention time at three hours from the averaged retention time of the training session. Negative values indicate that a particular animal stayed less time on the rod three hours after receiving oral gavage as it did during training (i.e. had worse motor performance after repeated rotarod sessions).
Statistical analysis
All statistical analyses were performed using IBM SPSS 20 software (SPSS Inc., Chicago, IL, USA). Comparisons were carried out using univariate or repeated measures analyses of variance (uANOVA or rANOVA, respectively) whenever appropriate. Treatment (alcohol, alcohol mixed with energy drink, energy drink or water) and sex were considered as between-subjects factors. For the open-field and the rotarod tests, a total of five equal oneminute intervals (time interval) were considered as within-subjects factors. Whenever sphericity assumptions were violated when performing rANOVAs, we used the Greenhouse-Geisser correction, which adjusts the degrees of freedom, in order to avoid Type I errors. When significant effects of treatment, sex and time interval, or interactions between these were detected in rANOVAs, appropriate lower-order ANOVAs were performed, followed by Fisher Protected Least Significant Difference post hoc tests (FPLSD). Differences between experimental groups were also determined using Wilcoxon Mann-Whitney U and Fisher exact tests. All data is shown as mean and ±SEM (unless otherwise mentioned). Significance was assumed at the level of P < 0.05. . There were no differences in motor performances between groups during the training session (B, left). Note that one hour after administration of alcohol or alcohol mixed with energy drink both groups show clear deficits in motor coordination, whereas after three hours of exposure, only Ed + Etoh animals still remain less time on the rotarod compared to controls. Ed + Etoh, n = 26 animals; Etoh, n = 23 animals; Ctrl, n = 48 animals. Ed + Etoh vs. Ctrl, FPLSD, *P < 0.05, **P < 0.01, ***P < 0.001; Etoh vs. Ctrl, FPLSD, +P < 0.05, ++P < 0.01, +++P < 0.001.
Results
We first used the levels of spontaneous activity in the open-field to determine the dose−response behavior for alcohol (uANOVA: treatment, F (3,22) = 6.1, P < 0.01). As depicted in Fig. 1 , one hour after a single oral gavage, the great majority of animals that received 4 g/kg of alcohol displayed a significant increase in locomotor activity compared to controls (P < 0.01). On the other hand, at the lowest concentration (2 g/kg) there was no change in locomotor activity (P = 0.8) and at the highest concentration (6 g/kg) data presented large variability (P = 0.2). Thus, from this point onward, animals exposed to alcohol received a dose of 4 g/kg.
For all behavioral measurements, no differences were observed between animals treated with energy drink alone or water (control group, Ctrl; Supplementary Table S1 can be found, in the online version, at http://dx.doi.org/10.1016/j.neulet.2017.04.050) and, thus, data from these two groups were pooled together. Moreover, no significant sex effects or interactions involving sex were observed (Supplementary Table S2 can be found, in the online version, at http://dx.doi.org/10.1016/j.neulet.2017.04.050). Similarly, BECs did not differ between males and females (Male vs. Female, 138 ± 7 mg/dl vs. 145 ± 7 mg/dl, F (1, 20) = 0.5, P = 0.5) as well as there were no differences in BEC values between animals that received alcohol alone or combined with energy drink (Ed + Etoh vs. Etoh, 148 ± 9 mg/dl vs. 135 ± 3 mg/dl, F (1,20) = 1.9, P = 0.1), nor such treatment interacted with sex.
To evaluate the effects of alcohol mixed with energy drink on the spontaneous locomotor activity of adolescent mice, we examined the behavior of treated animals in the open-field test. Mice received alcohol alone (Etoh, 4 g/kg), alcohol mixed with energy drink (Ed + Etoh, 4 g/kg of ethanol in 8 ml/kg of energy drink) or vehicle solutions (Ctrl, energy drink or water only) by oral gavage one hour before testing. Animals treated with a mixture of alcohol and energy drink displayed more square crossings than animals exposed only to alcohol or vehicle solutions both for the whole testing session ( Fig. 2A ; uANOVA: treatment, F (2,79) = 9.8, P < 0.001) as well as for some of the within-session time intervals ( Fig. 2B ; rANOVA: treatment × time interval, F (6.0,232.7) = 2.4, P < 0.05). This result implies that energy drink is potentiating the effects of alcohol regarding spontaneous activity in the open-field. Of note, while Ed + Etoh mice were visibly more active than animals from the Etoh and Ctrl groups, both Ed + Etoh and Etoh animals displayed mild staggering, swaying locomotion and uncoordinated movements with few occasional fallings.
Although Ed + Etoh mice were more active, they displayed less activity in the center portion of the open-field compared to controls ( Fig. 2C ; uANOVA: treatment, F (2,79) = 3.4, P < 0.05). Locomotor activity in the center of the open-field arena is often considered as an anxiety indicator [32] [33] [34] , where a decrease in the activity in the center suggests an increase of anxiety-like behavior. It is important to note that the total number of squares crossed in the center was corrected by the total ambulatory activity of the animals. Thus, these results cannot be explained by the fact that Ed + Etoh animals had greater locomotor activity compared to the other groups ( Fig. 2A and B) , but rather suggest an increased anxiety level in adolescent mice that received co-administration of alcohol and energy drink.
The fact that the energy drink potentiated and prolonged the hyperactivity of mice induced by alcohol in the open-field ( Fig. 2A  and B) as well as increased their anxiety levels (Fig. 2C) , suggests that the stimulant properties of energy drinks might be acting as an agonist to the psychostimulant effects of alcohol. Based on this line of reasoning, we next sought to determine whether adolescent mice receiving consecutive administration of alcohol in combination with energy drink would take longer to lose their righting reflex compared to animals exposed to alcohol only. Hence, a new set of mice was used for this experiment and after the first gavage, subsequent ones were only half the initial concentration of alcohol and energy drink (see Experimental procedure for details). Fig. 3 shows the time that Ed + Etoh and Etoh animals retain their righting reflexes. Surprisingly, contrary to our expectation, adolescent mice that received both alcohol and energy drink lost their righting reflexes significantly sooner than animals that were only exposed to alcohol (Mann-Whitney U test, U = 156.5, P < 0.05). No significant differences in rectal temperatures ( • C, measured after the loss of righting reflex) were observed between Ed + Etoh and Etoh animals, suggesting that energy drink exposure did not influence thermoregulatory and metabolic functions (Ed + Etoh vs. Etoh, 32.6 ± 0.2 vs. 32.7 ± 0.2; Student's t-test, t = 0.28 and P = 0.8).
As mentioned earlier, animals from both Ed + Etoh and Etoh groups exhibited staggering, swaying locomotion and uncoordinated movements in the open-field. In order to test whether adolescent mice treated with alcohol alone or in combination with energy drink show differences in motor coordination, we monitored behavioral performance on an accelerating rotarod before as well as one and three hours after oral gavages using another sample of animals. Gavage types, volumes and concentrations were identical to those used one hour before the open-field testing session. No differences in motor coordination were observed between groups before oral gavages (rANOVA: treatment × trial, F (5.7,267.6) = 1.0, P < 0.4). Fig. 4 shows the averaged rotarod data for Ed + Etoh, Etoh and Ctrl groups one and three hours after oral gavages. As expected, both Ed + Etoh and Etoh mice had worse rotarod performances than did control animals ( Fig. 4A ; uANOVA: treatment, F (2,96) = 9.5, P < 0.001). However, while rotarod endurance time for all groups improved three hours after gavaging (motor skill learning), only Ed + Etoh animals were significantly worse compared to Ctrl ones ( Fig. 4A ; uANOVA: treatment, F (2,96) = 4.2, P < 0.05). Moreover, when we examined the average of each rotarod trial separately (Fig. 4B , right panel; rANOVA: treatment × trial, F (15.6,734.4) = 4.1, P < 0.001), Ed + Etoh mice performance was significantly worse than that of Ctrl ones for all but one of the trials 3 h after treatment. As for Etoh mice, only one comparison was significantly different from Ctrl (Fig. 3B, right panel) . Moreover, when we examined the distribution of the overall improvement in motor performance before and after three hours of oral gavage (see Material and Methods), the Ed + Etoh group was the only one in which animals performed worse than they did at training (Ed + Etoh, worse [w] = 7, better [b] = 19; Etoh, w = 0, b = 23; Ctrl, w = 0, b = 48; Ed + Etoh vs. Etoh and Ed + Etoh vs. Ctrl, two-tailed Fisher exact test, P < 0.05 for both comparisons; Etoh vs. Ctrl, two-tailed Fisher exact test, P = 1.00). Therefore, in general, these findings indicate that alcohol-induced deficits in motor coordination in adolescent mice are exacerbated by energy drink.
Discussion
Here we show that alcohol mixed with energy drink enhances the effects of alcohol in adolescent mice. Overall, animals treated with alcohol and energy drink showed greater locomotor activity and increased anxiety in the open-field test, lost their righting reflexes sooner and displayed poorer motor coordination in the rotarod.
It has long been thought that estrous cycle constitutes a source of behavioral variability [35, 36] , and thus the lack of main effects involving sex in the present study could be due to greater data variability among females. However, we did not observe significant differences between data variability of males and females (Supplementary Table S3 can be found, in the online version, at http://dx. doi.org/10.1016/j.neulet.2017.04.050). This is in accordance with a recent meta-analysis reported by Becker et al. showing that female rats are not more variable than male rats in neuroscience studies [37] . Therefore, our results suggest that for the studied behavioral measures and experimental conditions, sex did not play a significant role. Nonetheless, it is important to note that regardless of sex, both alcohol alone and alcohol mixed with energy drink led to significant group differences. On a similar note, when mixed with alcohol, energy drink led to potentiation of alcohol's behavioral effects, but when given alone, it did not result in any significant behavioral differences (Supplementary Table S1 can be found, in the online version, at http://dx.doi.org/10.1016/j.neulet.2017.04.050). This is a matter of great concern since the energy drink dosage used here was based on the daily intake for humans [27] [28] [29] , which most certainly falls short of what is consumed during binge-drinking episodes.
Regarding spontaneous locomotor activity, our data is in agreement with previous findings in adults [38] [39] [40] . Ferreira et al. showed that co-exposure of alcohol with energy drink promotes hyperactivity in adult Swiss mice, the same mouse strain used in the current study [38] . However, such effect was apparent only after several days of exposure and not after a single dose like we observed, suggesting that the adolescent brain is more susceptible to the combined effects of alcohol and energy drink. In support of this possibility, hyperactivity in the open-field has been associated to increased dopaminergic activation of the mesocorticolimbic pathway [41] , which undergoes vigorous changes during adolescence [42] , such as increased dopamine concentration, high density of dopaminergic fibers [43, 44] as well as increased activity in dopamine-related circuitry [42] . Therefore, it is reasonable to suppose that the increased activity of Ed + Etoh mice could be the result of an overactivation of the mesocorticolimbic pathway induced by alcohol and the stimulant compounds of energy drink. In fact, several studies demonstrate that both caffeine and taurine, in combination or not with alcohol, lead to increased mesocorticolimbic activation [45] [46] [47] . Accordingly, recent findings in mice showed that caffeine and ethanol combined-exposure produces a robust increase in locomotor activity [48, 49] . Interestingly, Fritz et al. observed this effect in adolescents, but not in adult mice [49] . Overactivation of the mesocorticolimbic pathway could also explain the anxiogenic behavioral phenotype observed in the Ed + Etoh group since this pathway has been extensively associ-ated to anxiety-like behaviors [50, 51] . One should note that these findings were obtained using a single open-field session and thus could be influenced by novelty associated with behavioral testing. However, Pastor et al. [52] demonstrated that prior habituation to the open-field arena did not modify the stimulant effects of both ethanol and caffeine in adolescent Swiss mice (i.e. same amounts of locomotor activity in non-habituated and habituated animals).
We next observed that Ed + Etoh animals lost their righting reflexes sooner than animals that were only exposed to alcohol. Loss of righting reflex is often used as an index of acute CNS alcohol intoxication in rodents and corresponds well to loss of consciousness in humans [53, 54] . Mechanistically, such widespread depression has been associated to ethanol-induced inhibition of NMDA receptor function and potentiation of the GABA receptor system [55] , and hence components of energy drink could be acting on these receptors. Actually, taurine can activate GABAergic networks in several brain structures [56] , and cysteine, a precursor in the biosynthesis of taurine, enhances the central depressant properties of ethanol [57] . However, it is important to mention that caffeine, another main stimulant of energy drinks, was reported to shorten the duration of the loss of the righting reflex in rodents [58] . Thus, concerning our findings, the central depressant effects of taurine might be overcoming the antagonistic effects of caffeine. Future studies are needed to systematically explore this and other possibilities regarding functional contributions and interactions of energy drink ingredients with alcohol during adolescence.
Our data also revealed that exposure to alcohol in combination with energy drink extends motor impairment and ataxia in adolescent mice. While differences in the latency to fall off the rotating rod between Etoh and Ctrl groups were only seen one hour after exposure, comparisons between controls and Ed + Etoh mice were significantly different one and three hours later. This ability to prolong the effects of alcohol could explain why, after cumulative administrations of alcohol and energy drink, the Ed + Etoh group displayed a worse outcome in the loss of righting reflex test compared to animals that only received alcohol. Interestingly, similar to the loss of the righting reflex, rotarod motor-incoordination induced by alcohol has been associated with cerebellar GABA A receptor overactivation [59, 60] . It is thus possible that taurine could also be playing a role in this process. Nonetheless, one could argue that energy drink could be prolonging the effects of alcohol by interfering with alcohol absorption, metabolism and/or elimination. However, this is not likely the case, as analysis of BECs using an independent sample did not reveal any differences between animals that received alcohol alone or mixed with energy drink 3 h after alcohol administration (Ed + Etoh vs. Etoh, 174 ± 5 mg/dl vs. 182 ± 5 mg/dl, respectively; F (1,21) = 1.2, P = 0.3).
We cannot discard the possibility that other components of energy drinks could play a role in our findings. For instance, energy drinks contain a high concentration of sweeteners and it is known that glucose slows the rate of gastric emptying which, consequently, could affect alcohol pharmacokinetics [61] . However, as pointed out above, this possibility is not likely since BECs were not different between Etoh and Ed + Etoh groups. Nonetheless, one might still argue that glucose per se is affecting cognitive and motor performances [62] . Future studies are needed to systematically investigate this issue, perhaps by comparing the effects and interactions of mixing regular and sugar-free energy drinks with alcohol.
Overall, our results are in accordance with the idea that the adolescent brain is vulnerable and prone to psychostimulant effects, which in turn may underlie an increased risk for alcohol and drug abuse as well as the development of dependence later in life [63] . Moreover, our findings not only dismiss the prevailing view that the stimulant properties of energy drinks antagonize the negative effects of alcohol [8] , but suggest that the consumption of alcohol mixed with energy drink during adolescence is more harmful than alcohol intake alone. In this sense, the limited public awareness and policies regarding this issue is a matter of great concern.
